Scrub typhus is an acute febrile illness caused by obligate intracellular organism Orientia tsutsugamushi. While there have been many reports on the evaluation of disease activity and infectious diseases using F-18 fluorodeoxyglucose (FDG) positron emission tomography/computed tomography (PET/CT), the clinical value of FDG PET/CT in scrub typhus has not been fully investigated. We enrolled 17 patients who were 18 years of age or older and clinically suspected of having scrub typhus with eschar. Clinical assessments, blood samples, and FDG PET/CT images were obtained at enrolment and again after 3 weeks. The median age of the patients was 65 years; 9 (52.9%) patients were male. On initial FDG PET/ CT, the eschars showed markedly increased FDG uptake on PET imaging that improved after treatment. Generalized lymphadenopathy and splenomegaly with high FDG uptake were observed in all patients. On follow-up FDG PET/CT after appropriate therapy, FDG uptake and sizes of eschar, lymph nodes, and spleen were markedly decreased. As far as we are aware, this is the first investigation with multiple patients of FDG PET/CT in scrub typhus and the demonstration of clinical utility. FDG PET/CT imaging of scrub typhus could provide useful information about the clinical features before and after antibiotic treatment.
Results
Over the study period, 18 scrub typhus patients with typical eschar were enrolled ( Fig. 1 ). One patient was lost to follow-up. Finally, a total of 17 patients were included in the study. The median age of the patients was 65 years; 9 (52.9%) were male. The majority of patients were engaged in agricultural activities (12, 70 .6%) and presented with a skin rash (10, 58.8%). Ten (58.8%) had a headache, and 6 (35.3%) developed gastrointestinal symptoms such as dyspepsia, nausea/vomiting, or abdominal pain. In laboratory findings, all patients showed mild to moderate elevation of liver function tests despite no underlying liver diseases, and most patients also had thrombocytopenia on admission. However, the abnormal laboratory findings had normalized on the second visit. In addition, the most commonly identified genotypes of O. tsutsugamushi were the Boryong strain (15, 88 .2%), which is the predominant strain throughout South Korea. All patients were successfully treated with a 7-day course of oral doxycycline 200 mg/day. The demographic and clinical characteristics of the enrolled patients are summarized in Table 1 .
On the initial FDG PET/CT, eschar lesions of all patients showed high FDG uptake ( Fig. 2 ). Generalized lymphadenopathy and splenomegaly with high FDG uptake were also found in all patients. Four of the 17 patients had a pleural effusion. The initial FDG PET/CT image of a representative case is illustrated in Fig. 3 . On the follow-up FDG PET/CT, FDG uptake and the sizes of eschar, lymph nodes, and spleen were markedly decreased ( Fig. 4 ). In transverse CT analysis of initial and follow-up FDG PET/CT, the maximal short axis of lymph node, longest diameter of the spleen, and longest anterior-posterior diameter of the liver showed a significant decrease after proper antibiotic therapy. On semi-quantitative analysis of FDG PET/CT, SUVmax of eschar, lymph node, and spleen was markedly decreased on follow-up FDG PET/CT image. SUVmean of spleen showed marginal significance with a P-value of 0.066. However, SUVmax and SUVmean of the liver showed no significant interval change between initial and follow-up FDG PET/CT. Details are summarized in Table 2 .
Discussion
Based on our FDG PET/CT analysis, high FDG uptake of eschar, lymph nodes, and spleen and increased sizes of lymph nodes, spleen, and liver were observed in scrub typhus patients.
First, the eschars showed dramatically increased FDG uptake on PET imaging and were improved after treatment in all patients. Eschar is a well-known portal of entry for O. tsutsugamushi, which replicates in monocytes/ macrophages and dendritic cells. For this reason, many activated monocytes/macrophages accumulate in the eschar and cause high FDG uptake in the lesion. Even though an eschar is a pathognomonic feature of scrub typhus, the incidence of eschar is highly variable, with higher (>80%) values being reported from South Korea, Japan, and China and lower (<30%) values from India, Thailand, and Sri Lanka. Therefore, FDG PET/CT is to be as a promising imaging tool providing the common imaging features in eschar-negative scrub typhus.
Second interesting FDG PET/CT findings were generalized lymph node enlargement and increased FDG uptake in lymph nodes. In line with other systemic inflammatory diseases, generalized and symmetrical lymphadenopathy was observed in our scrub typhus patients. The size of lymph nodes was mild to moderately increased, and FDG uptake was moderate to intense, which is similar to that of other inflammatory lymph nodes. Although palpable lymph node enlargement is a relatively well-known sign in scrub typhus, the reported degree varies from 12% to 85% 20, 21 . In this study, lymph node enlargement was observed in all patients. This finding suggests that lymph node enlargement accompanies and is essential in scrub typhus.
Third, distinctive FDG PET/CT findings were hepatosplenomegaly and hypermetabolism of spleen. In prior studies, abnormal liver function in scrub typhus was reported in around 90% of patients due to histopathologic changes such as swollen hepatocytes and small lymphocyte aggregation in sinusoids or with granulomatous changes. Before antibiotic treatment, the size of the liver was markedly increased and was within the normal range after appropriate treatment. However, FDG uptake was not significantly increased in the liver. Though the reason for isometabolism in the liver is not yet fully understood, hepatosplenomegaly combined with hypermetabolism in the spleen is frequently encountered in systemic inflammatory disease. Hypermetabolic splenomegaly was seen in all patients of this study and could be a clinically useful predictor of scrub typhus. Furthermore, FDG PET/CT is a sensitive modality for evaluating the effects of antibiotic therapy. Even though O. tsutsugamushi is known to involve the kidneys, lungs, and brain, we could not find any abnormal metabolism in those organs on FDG PET/ CT images.
Since FDG PET/CT has been widely used in variable clinical fields, the evaluation of several infectious and inflammatory disorders using this imaging modality has been also attempted and provided useful clinical evidence 18, 22 . Because inflammatory cells use glucose as their energy source like malignant cells, FDG accumulation at the sites of infection has been considered as a pitfall for interpretation of malignancy 18, 23, 24 . However, this phenomenon could be applied to examine and manage patients with infectious and inflammatory diseases. Out of variable biological mechanisms of FDG-avidity in activated inflammatory cells such as macrophage, neutrophil, and lymphocyte, overexpression of glucose transporter 1 is considered to contribute mostly to the phenomenon 18, 25 .
We are aware of the limitations of this study. As it was a single-center study including a small number of patients, the results should be interpreted with caution and should not be generalized to all patients. In spite of this limitation, all patients of this study had very similar FDG PET/CT findings, and we believe that the results will be the same in other scrub typhus patients. By carrying out FDG PET/CT in scrub typhus patients, we showed that O. tsutsugamushi spread to lymph nodes in multiple sites via lymphatic vessels and involved multiple www.nature.com/scientificreports www.nature.com/scientificreports/ organs. In addition, an awareness of the related findings at imaging, especially at FDG PET/CT, may provide clues for diagnosis of scrub typhus in non-endemic areas or eschar-negative scrub typhus.
To our knowledge, this study is the first investigation with multiple patients of FDG PET/CT in scrub typhus and the demonstration of clinical utility. We also showed the typical findings of FDG PET/CT such as high FDG uptake of eschar, lymph nodes, and spleen and increased sizes of lymph nodes, spleen, and liver. Therefore, FDG PET/CT imaging of scrub typhus could provide valuable information about the clinical features before and after antibiotic treatments.
Methods
Patients and data collection. A single-center prospective study was conducted in a 1,200-bed tertiary hospital between September 2017 and December 2018. Patients ≥18 years of age who were clinically suspected of having scrub typhus with eschar were eligible. Patients with malignancies were excluded. Clinical assessments were performed at enrolment and 21 (±3) days later. The initial blood specimens and FDG PET/CT images were Genotyping by DNA amplification and sequencing. Peripheral blood mononuclear cells collected from acute-phase blood samples of scrub typhus patients were purified using a QIAamp DNA Blood Mini Kit (QIAGEN GmbH, Hilden, Germany) according to the manufacturer's protocol. Nested PCR was performed. Primers 34 (forward, 5′-TCA AGC TTA TTG CTA GTG CAA TGT CTGC-3′; the 56-kDa gene based on the Gilliam strain) and 55 (5′-AGG GAT CCC TGC TGC TGT GCT TGC TGCG-3′) were used in the first PCR. Nested PCR primers 10 (5-GAT CAA GCT TCC TCA GCC TAC TAT AAT GCC-3) and 11 (5-CTA GGG ATC CCG ACA GAT GCA CTA TTA GGC-3) were used in the second PCR amplification to generate a 483 bp fragment. Nested PCR was performed as described previously by Kim et al. 26 . The amplified PCR products were confirmed by 1.2% agarose gel electrophoresis, purified using a QIAquick gel extraction kit (QIAGEN), and sent to COSMO Genetech (Seoul, Korea) for sequencing. 
